We discuss optical constants in artificial metamaterials showing negative magnetic permeability and electric permittivity and suggest a simple formula for the refractive index of a general optical medium. Using effective field theory, we calculate effective permeability and the refractive index of nanofabricated media composed of pairs of identical gold nano-pillars with magnetic response in the visible spectrum.
where Sign [x] gives the sign of x and is the principal square root. Using simple algebra, we can rewrite the causal index of refraction as Sign Re n ε ε μ μ
where is the principal square root. To a certain extent, the expression (1) (or (2)) is a trivial consequence of causality. However, to the best of our knowledge, this simple formula is not mentioned in LHM literature. 6 (Often, as was suggested by Referee, researchers use an expression Sign Im( ) n εμ εμ
For any medium this expression should be rewritten as
The case of zero losses Q=0 requires special consideration. Zero losses occur in a medium whose optical constants satisfy either
=0 and the sign of cosine used in the formula (1) is not defined. The imaginary part of n is not zero in this case (provided Re(ε)≠0) and therefore waves could either decay or be amplified in the direction of propagation. Since Q=0 we should choose the decaying waves and n with Im(n)>0. In the latter case of * ε μ ε μ = , the refractive index is real and we should choose its sign in accordance with the original Veselago's suggestion 4 (positive when Re(ε)>0 (hence Re(μ)>0) and negative when Re(ε)<0 (hence Re(μ)<0)). Finally, there exists a degenerate case where both conditions mentioned above are met so that Re(ε)=0, Re(μ)=0, and Sign(Im(ε))=-Sign(Im(μ)) (e.g., ε=-i and μ=i). We believe that such a medium is inherently birefringent and show both positive and negative values of the (real) refractive index.
Obviously, the causal refractive index (1), (2) should be used to characterise LHM. To be specific, let us consider an optical medium in which the electric response is generated by an "electric" resonant mode of constituent "molecules" contributing to ε of a dilute LHM as The choice of n has a dramatic effect on the effective optical constants obtained within effective medium theory, where the interaction between LHM "molecules" is not weak and affects the resonant properties of individual "molecules" (e.g., changes the resonant wavelengths, λ e,m , half-widths, Δλ e,m , etc.). We illustrate this by calculating the effective permeability for a dense LHM made of the same "molecules". According to effective medium theory, the effective field acting on a "molecule" in a dense material is given by the Lorentz-Lorenz expression 1 (in the limit s<<a<<λ, where s is the size of the "molecule", a is the average distance between "molecules" and λ is light wavelength). Also, the effective resonant parameters of the "molecules" (effective , . This approximation is supported by [13] [14] [15] , where the resonant wavelengths of metallic "molecules" are shown to be proportional to the refractive index of the environment. To find the effective permeability we therefore solve the pair It turned out that the reflection spectra shown in Fig. 2(d) and (e) are described extremely well by the Fresnel coefficients of a thin film placed on a glass substrate 1 with film's ε and μ given by the standard dispersion relations described above.
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(Optical thickness of the film was calculated using the causal refractive index n). Such behaviour is not surprising for a dilute LHM where the interaction between pillar pairs is weak and dispersion of an individual "molecule" shapes the spectral dependence of ε and μ. However, it is unusual for dense LHM. 16 The causal effective mean theory resolves this contradiction. Figure 3 presents the magnetic permeability and refractive index obtained within the causal effective field theory for the nanofabricated material of cases is described well by the standard dispersion relation, which explains the success of the Fresnel coefficients in modelling the reflection spectra from the fabricated 2D
arrays.
In conclusion, we suggested a simple analytic expression for the refractive index of a general optical medium and applied it to calculate optical constants of double-pillar arrays within effective field theory.
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